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   1.	  INTRODUCTION	  
1.1	  Introduction	  




Some	  of	  the	  recent	  incidents	  that	  were	  caused	  by	  corrosion	  are	  discussed	  in	  the	  next	  section.	  	  
1.2	  Corrosion	  Incidents	  


















2.	  TYPES	  OF	  CORROSION	  
2.1	  Introduction	  
Corrosion	  is	  the	  chemical	  degradation	  of	  a	  material	  by	  the	  environment	  surrounding	  it.	  It	  can	  come	  in	  different	  forms	  and	  grow	  at	  different	  rates.	  To	  begin	  understanding	  the	  extent	  of	  the	  corrosion	  problem,	  it	  is	  important	  to	  first	  know	  the	  mechanisms	  by	  which	  the	  damage	  starts	  taking	  place.	  The	  problem	  is	  that	  many	  forms	  of	  corrosion	  exist	  and	  each	  is	  caused	  by	  different	  reasons	  and	  undergoes	  different	  mechanisms.	  Moreover,	  each	  form	  of	  corrosion	  has	  its	  own	  special	  mechanism,	  which	  can	  be	  quite	  complex	  in	  some	  cases.	  This	  is	  especially	  problematic	  when	  two	  or	  more	  types	  of	  corrosion	  take	  place	  simultaneously.	  Some	  of	  the	  common	  types	  of	  corrosion	  and	  their	  mechanisms	  will	  be	  discussed	  in	  the	  following	  few	  sections.	  	  	  
2.2	  Generalized	  Corrosion	  




in	  a	  large	  volume	  of	  oxides	  that	  tend	  to	  attach	  themselves	  to	  the	  heat	  transfer	  surfaces	  and	  affect	  the	  efficiency	  of	  the	  system	  (Hansen,	  et	  al.,	  2009)	  (Piper,	  1999).	  	  	  
2.3	  Pitting	  Corrosion	  
Pitting	  corrosion	  is	  the	  form	  of	  corrosion	  that	  occurs	  in	  isolated	  parts	  of	  the	  metal.	  It	  is	  concentrated	  to	  very	  small	  areas	  and	  affects	  the	  useful	  life	  of	  the	  equipment	  itself.	  The	  fact	  that	  it	  is	  localized	  makes	  it	  harder	  to	  detect	  and	  therefore	  can	  be	  undetected	  for	  long	  periods,	  making	  the	  equipment	  more	  prone	  to	  severe	  damage.	  This	  makes	  pitting	  corrosion	  the	  most	  severe	  form	  of	  corrosion	  (Piper,	  1999).	  	  	  
2.4	  Galvanic	  Corrosion	  




c) There	  must	  be	  an	  electrically	  conductive	  path	  for	  the	  ions	  to	  move	  from	  the	  “anode”	  to	  the	  “cathode”	  If	  any	  of	  these	  conditions	  is	  not	  satisfied,	  galvanic	  corrosion	  is	  not	  likely	  to	  take	  place	  (Galvanic	  Compatability	  Corrosion	  Dissimilar	  Metal	  Corrosion).	  The	  different	  metals	  react	  differently	  and	  have	  a	  different	  corrosion	  potential	  under	  different	  environments.	  The	  metal	  with	  the	  most	  positive	  corrosion	  potential	  then	  acts	  as	  the	  cathode,	  and	  the	  one	  with	  the	  more	  negative	  corrosion	  potential	  becomes	  the	  anode.	  The	  coupling	  of	  the	  metals	  causes	  the	  cathode	  to	  reduce	  its	  corrosion	  rate,	  and	  the	  anode	  to	  increase	  its	  corrosion	  rate.	  Therefore,	  this	  technique	  is	  used	  as	  means	  of	  cathodic	  protection	  from	  corrosion.	  An	  example	  could	  include	  the	  corrosion	  of	  iron	  coupled	  with	  copper	  steel	  or	  stainless	  steel	  fittings	  (Beavers	  and	  Thompson,	  2006).	  	  	  	  	  
	  
Figure	  2:	  Galvanized	  Corrosion	  Process	  (Corrosion	  Between	  Anodized	  




2.5	  Crevice	  Corrosion	  
Crevice	  corrosion	  refers	  to	  the	  localized	  corrosion	  that	  occurs	  at	  the	  crevice	  or	  gap	  between	  two	  or	  more	  joining	  metals	  (or	  non-­‐metals	  in	  some	  cases),	  such	  as	  in	  flanges,	  and	  a	  stagnant	  solution	  exists.	  The	  damage	  takes	  place	  due	  to	  the	  difference	  in	  constituents’	  concentration,	  mainly	  oxygen,	  in	  the	  surfaces	  involved	  (Rashidi,	  Alavi-­‐Soltani	  and	  Asmatulu,	  2007).	  	  	  	  	  
2.6	  Concentration	  Cell	  Corrosion	  





Figure	  3:	  Concentration	  Cell	  Corrosion	  in	  a	  Pipeline	  Underground	  (US	  
Department	  of	  Defense,	  2003)	  	  	  	  	  
2.7	  Corrosion	  Under	  Insulation	  





Erosion/corrosion	  is	  a	  very	  complex	  type	  of	  material	  loss	  that	  involves	  both	  electrochemical	  and	  mechanical	  processes.	  This	  type	  of	  corrosion	  can	  affect	  the	  lifetime	  of	  the	  component	  dramatically,	  because	  not	  only	  does	  it	  damage	  the	  thin	  passive	  film	  on	  the	  surface	  of	  the	  material,	  but	  also	  the	  base	  metal	  (Barker,	  et	  al.,	  2011).	  Erosion/corrosion	  will	  also	  be	  discussed	  in	  more	  details	  in	  a	  later	  chapter.	  	  
2.9	  Microbially-­‐Induced	  Corrosion	  





Figure	  4:	  Anaerobic	  Bacteria	  Coexisting	  with	  Aerobic	  Bacteria	  (Beavers	  and	  




3.	  AVAILABLE	  METHODS	  OF	  INSPECTION	  
3.1	  Introduction	  




3.2	  Visual	  Inspection	  




surfaces	  of	  the	  equipment	  of	  piping.	  This	  device	  makes	  it	  possible	  to	  inspect	  inaccessible	  points	  without	  disassembling	  the	  equipment,	  and	  may	  be	  used	  in	  holes	  or	  openings	  of	  3	  mm	  of	  greater	  in	  diameter.	  The	  principal	  of	  the	  borescope	  is	  shown	  in	  Figure	  5.	  	  	  	  	  
	  




areas.	  On	  the	  other	  hand,	  they	  lack	  precision	  and	  are	  labor	  intensive	  and	  may	  be	  applied	  only	  on	  open	  surfaces	  (Agarwala,	  Reed	  and	  Ahmad,	  2000).	  	  	  
3.3	  Ultrasonic	  and	  Acoustic	  Inspection	  





Figure	  6:	  Example	  of	  Ultrasonic	  Testing	  Acquisition	  (Ultrasonic	  




3.4	  Radiographic	  Inspection	  
Radiographic	  inspection	  is	  another	  non-­‐destructive	  testing	  technique	  that	  has	  been	  commonly	  used	  to	  monitor	  corrosion,	  especially	  in	  the	  petrochemical	  industry.	  The	  radiation	  type	  may	  be	  neutrons,	  x-­‐rays,	  or	  gamma	  rays.	  Radiographic	  methods	  have	  an	  advantage	  over	  other	  common	  methods	  in	  that	  they	  can	  detect	  corrosion	  without	  the	  costly	  removal	  of	  the	  insulation	  material.	  However,	  these	  methods	  require	  radiation	  safety	  measures	  to	  be	  taken	  and	  they	  have	  low	  sensitivity.	  Corrosion	  is	  detected	  by	  measuring	  the	  thickness	  of	  the	  cross	  section	  of	  the	  pipe	  or	  vessel.	  The	  radiation	  rays	  are	  sent	  through	  the	  cross	  section	  of	  the	  pipe	  or	  vessel	  and	  penetrating	  rays	  are	  projected	  as	  images	  on	  a	  thin	  film.	  The	  extent	  of	  the	  damage	  is	  estimated	  by	  comparing	  the	  images	  to	  those	  of	  the	  undamaged	  part.	  An	  example	  of	  radiography	  inspection	  results	  is	  shown	  in	  Figure	  7.	  	  	  	  
	  




The	  picture	  on	  the	  left	  in	  Figure	  7	  is	  the	  radiographic	  film	  obtained	  from	  the	  radiography	  inspection.	  This	  picture	  is	  then	  processed	  by	  experienced	  interpreters,	  or	  computer	  software	  in	  order	  to	  estimate	  the	  extent	  of	  the	  damage	  and	  produce	  a	  chart	  as	  what	  is	  shown	  in	  the	  picture	  on	  the	  right	  (Balasko,	  et	  al.,	  2005)	  (Agarwala,	  Reed	  and	  Ahmad,	  2000).	  	  	  
3.5	  Electromagnetic	  Inspection	  








4.	  CORROSION	  UNDER	  INSULATION	  AND	  METHODS	  OF	  DETECTING	  IT	  
4.1	  History	  
Corrosion	  under	  insulation	  (CUI)	  has	  become	  a	  serious	  threat	  to	  many	  of	  modern	  plants.	  It	  started	  receiving	  a	  great	  amount	  of	  attention	  in	  petroleum	  refineries,	  chemical	  plants,	  power	  generating	  plants	  and	  other	  facilities	  in	  the	  1980s.	  The	  reason	  being	  that	  the	  insulation	  which	  had	  previously	  been	  used	  at	  locations	  of	  300	  








showed	  that	  corrosion	  under	  insulation	  is	  responsible	  for	  about	  40-­‐60%	  of	  piping	  maintenance	  costs	  (Industrial	  Nanotech,	  Inc.,	  2006).	  	  	  
4.2	  Problems	  with	  Methods	  of	  Inspection	  




Table	  1:	  Comparison	  of	  the	  Most	  Commonly	  Used	  Methods	  of	  Detection	  of	  CUI	  
	  	   	  	   	  	   	  	   	  	  













Not	  applicable	   Applicable	  	   Not	  applicable	  	   Not	  applicable	  	  
Removal	  of	  




Corrosion,	  erosion	  and	  the	  accumulation	  of	  deposits	  
Localized	  corrosion	  (10%	  depth	  level	  of	  sectional	  area)	  	  
Localized	  corrosion	   General	  corrosion	  like	  concave	  	  
Inspection	  
accuracy	  	  
Reasonably	  good	   Not	  good	  	   Good	  	   Not	  good	  	  
Safety	  
Concerns	   Radiation	   	  	   Radiation	   	  	  





A	  different	  non-­‐destructive	  technique	  of	  detection	  of	  corrosion	  under	  insulation	  that	  does	  not	  require	  the	  insulation	  to	  be	  removed	  needs	  to	  be	  investigated.	  This	  method	  is	  needed	  to	  overcome	  at	  least	  some	  of	  the	  shortcomings	  shown	  by	  the	  commercial	  NDT	  methods	  currently	  used.	  Also	  this	  method	  needs	  to	  be	  safe,	  accurate,	  fast,	  reliable,	  and	  adaptable.	  	  	  
4.4	  X-­‐Ray	  Computed	  Tomography	  	  




X-­‐ray	  tomography	  is	  a	  non-­‐destructive	  technique	  that	  is	  used	  to	  visualize	  the	  inside	  of	  opaque	  objects.	  This	  method	  has	  been	  commonly	  used	  in	  the	  medical	  profession	  in	  CT	  and	  CAT	  scanners.	  It	  has	  also	  been	  used	  recently	  in	  civil	  engineering	  to	  monitor	  corrosion	  in	  steel	  reinforcement	  in	  concrete	  (Beck,	  et	  al.,	  2010).	  	  	  In	  X-­‐ray	  tomography,	  the	  specimen	  is	  placed	  between	  the	  X-­‐ray	  source	  and	  a	  detector.	  The	  detector	  determines	  the	  intensity	  of	  the	  X-­‐rays	  after	  leaving	  the	  specimen,	  which	  is	  then	  compared	  to	  the	  initial	  intensity	  of	  the	  X-­‐rays	  leaving	  the	  source,	  and	  based	  on	  that,	  the	  density	  of	  the	  material	  is	  determined.	  The	  density	  distribution	  of	  the	  specimen	  is	  then	  calculated	  and	  an	  image	  is	  created	  with	  each	  density	  level	  assigned	  a	  color	  (Advanced	  Characterization	  of	  Infrastructure	  Materials	  Laboratory,	  2009).	  This	  is	  done	  while	  the	  object	  is	  being	  rotated	  360o	  in	  order	  to	  capture	  the	  density	  of	  the	  cross	  section	  of	  the	  object	  from	  all	  angles.	  




ray	  computed	  tomography	  (Torczynski,	  et	  al.,	  1997).	  Moreover,	  X-­‐ray	  tomography	  provides	  a	  3-­‐D	  image	  of	  the	  specimen	  while	  real	  time	  radiography	  provides	  a	  2D	  image,	  which	  allows	  for	  more	  accurate	  inspection	  of	  the	  object.	  Finally,	  X-­‐ray	  tomography	  has	  shown	  more	  accurate	  results	  than	  real	  time	  radiography	  in	  medical	  applications	  (Carreon,	  et	  al.,	  2008).	  	  	  
4.5	  Experimental	  Approach	  
In	  order	  to	  understand	  whether	  X-­‐ray	  tomography	  would	  be	  a	  good	  option	  for	  corrosion	  detection,	  it	  was	  necessary	  to	  know	  first	  to	  what	  extent	  the	  system	  can	  detect	  small	  flaws	  in	  an	  object.	  This	  is	  important	  in	  order	  to	  make	  sure	  the	  system	  is	  capable	  of	  detecting	  any	  minor	  corrosion	  taking	  place,	  even	  if	  it	  is	  of	  low	  severity.	  	  After	  that,	  it	  was	  necessary	  to	  determine	  whether	  the	  results	  of	  the	  system	  are	  affected	  by	  the	  insulation	  jacketed	  around	  the	  exterior	  of	  the	  pipe.	  This	  is	  important	  in	  order	  to	  know	  whether	  the	  insulation	  would	  need	  to	  be	  removed	  for	  the	  system	  to	  be	  used	  for	  corrosion	  inspection.	  Finally,	  it	  was	  of	  interest	  to	  test	  whether	  the	  system	  was	  useful	  for	  detecting	  internal	  corrosion	  as	  well.	  




at	  different	  locations	  of	  the	  cross	  sections	  where	  the	  holes	  were	  drilled.	  The	  locations	  where	  the	  scans	  were	  taken	  are	  indicated	  with	  the	  thin	  red	  lines	  shown	  in	  Figure	  9.	  The	  2-­‐D	  images	  were	  then	  assembled	  on	  top	  of	  one	  another	  via	  computer	  imaging	  and	  the	  3-­‐D	  volume	  of	  the	  pipe	  was	  reconstructed	  on	  Vizio®.	  The	  results	  of	  this	  analysis	  will	  be	  discussed	  in	  section	  4.6.1	  	  	  	  
	  
Figure	  8:	  Holes	  Drilled	  on	  the	  Same	  Cross-­‐Section	  of	  a	  Pipe	  	  	  	  	  
	  




4.5.2	  Experiment	  2:	  The	  Effect	  of	  the	  Insulation	  Material	  on	  the	  Output	  Three	  main	  types	  of	  insulation	  of	  different	  densities	  were	  tested	  in	  this	  experiment:	  high-­‐density	  foam,	  low-­‐density	  foam,	  and	  fiberglass.	  The	  three	  insulation	  materials	  were	  jacketed	  around	  the	  same	  pipe,	  each	  at	  a	  time,	  and	  scans	  of	  the	  same	  cross-­‐sections	  were	  taken	  each	  time.	  The	  insulation	  was	  wrapped	  around	  the	  pipe	  with	  aluminum	  casing	  to	  test	  whether	  that	  could	  affect	  the	  X-­‐rays	  penetration	  through	  the	  pipe.	  Figure	  10	  shows	  the	  three	  insulation	  materials	  that	  were	  used	  for	  this	  experiment.	  The	  results	  of	  this	  experiment	  are	  analyzed	  in	  section	  4.6.2.	  	  	  	  
	  




4.5.3	  Experiment	  3:	  Is	  Internal	  Corrosion	  Detected?	  X-­‐ray	  computed	  tomography	  outdid	  real	  time	  radiography	  because	  of	  its	  ability	  to	  inspect	  the	  interior	  and	  exterior	  of	  an	  object	  simultaneously.	  The	  3-­‐dimensional	  output	  of	  the	  system	  allows	  for	  locating	  exactly	  where	  a	  flaw	  might	  be	  located.	  Therefore,	  it	  was	  of	  interest	  to	  see	  whether	  this	  capability	  could	  be	  used	  for	  detecting	  minor	  internal	  corrosion	  in	  a	  pipe.	  A	  0.5”	  pipe	  with	  a	  layer	  of	  galvanized	  corrosion	  was	  inspected	  using	  the	  system.	  Scans	  at	  different	  locations	  were	  taken	  to	  capture	  internal	  corrosion	  of	  different	  severity	  levels.	  The	  results	  of	  this	  section	  are	  shown	  in	  section	  4.6.3.	  	  
4.6	  Results	  and	  Discussion	  





Figure	  11:	  2-­‐D	  Scans	  of	  the	  Pipe	  Cross	  Section	  As	  Displayed	  on	  Computer	  
Screen	  	  	  	  As	  clear	  from	  Figure	  11,	  the	  holes	  in	  the	  cross	  section	  of	  the	  pipe	  are	  very	  clearly	  shown	  on	  the	  images	  taken	  by	  the	  system.	  These	  images	  were	  then	  assembled	  on	  top	  of	  one	  another	  using	  Vizio	  and	  the	  3-­‐D	  volume,	  shown	  in	  Figure	  12,	  was	  reconstructed.	  	  	  	  	  
	  




As	  shown	  in	  Figure	  12,	  the	  three	  holes	  were	  detected	  very	  accurately	  by	  the	  system.	  However,	  while	  the	  holes	  are	  perfectly	  circular	  in	  the	  real	  pipe,	  they	  are	  not	  as	  perfect	  in	  the	  X-­‐ray	  output.	  More	  2D	  slices	  would	  have	  to	  be	  taken	  in	  order	  to	  obtain	  a	  more	  accurate	  result.	  Moreover,	  depending	  on	  the	  application,	  2D	  imaging	  might	  be	  sufficient	  for	  corrosion	  (both	  internal	  and	  external)	  detection,	  and	  constructing	  the	  3D	  volume	  would	  be	  needed	  only	  after	  corrosion	  damage	  has	  been	  detected	  and	  better	  visualization	  would	  be	  required	  in	  order	  to	  see	  how	  severe	  the	  damage	  is.	  However,	  many	  scans	  would	  have	  to	  be	  taken	  in	  order	  to	  ensure	  that	  minor	  flaws	  are	  detected.	  	  
4.6.2	  Experiment	  2:	  The	  Effect	  of	  the	  Insulation	  Material	  on	  the	  Output	  As	  mentioned	  before,	  the	  three	  types	  of	  insulation	  that	  were	  studied	  here	  were:	  high-­‐density	  foam,	  low-­‐density	  foam,	  and	  fiberglass.	  The	  pipe	  around	  which	  the	  insulation	  materials	  were	  jacketed	  was	  0.5”	  in	  diameter,	  and	  the	  scans	  were	  taken	  at	  the	  same	  of	  location	  each	  time.	  Figure	  13	  shows	  the	  scans	  of	  the	  same	  cross	  section	  with	  the	  different	  insulation	  materials.	  	  
	  (a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (c)	  
Figure	  13:	  Cross-­‐Section	  of	  Pipe	  as	  viewed	  with	  Different	  Insulation	  Materials	  
Jacketed	  around	  it	  (a)	  High-­‐Density	  Foam	  (b)	  Low-­‐Density	  Foam	  (c)	  




As	  shown	  in	  Figure	  13,	  the	  insulation	  material	  does	  not	  affect	  the	  accuracy	  of	  the	  results	  at	  all,	  as	  the	  three	  figures	  are	  identical.	  Also,	  since	  the	  density	  of	  the	  insulation	  materials	  is	  negligible	  compared	  to	  that	  of	  the	  metal	  surface,	  the	  insulation	  was	  not	  visible	  by	  any	  means	  in	  the	  images	  taken	  by	  the	  system.	  	  
4.6.3	  Experiment	  3:	  Is	  Internal	  Corrosion	  Detected?	  Finally,	  the	  system	  was	  tested	  for	  its	  ability	  in	  detecting	  internal	  corrosion.	  A	  small	  pipe	  with	  some	  galvanized	  internal	  corrosion	  that	  had	  formed	  on	  its	  surface	  was	  used.	  The	  following	  figure	  shows	  three	  images	  of	  the	  corroded	  pipe.	  Image	  1	  was	  taken	  at	  the	  end	  of	  the	  pipe,	  Image	  2	  was	  taken	  2	  mm	  away,	  and	  Image	  3	  was	  taken	  2	  mm	  away	  from	  Image	  2.	  	  	  	  
	  




As	  clear	  from	  Figure	  14,	  since	  the	  corrosion	  is	  of	  much	  lower	  density	  than	  the	  pipe	  surface	  itself,	  the	  shade	  of	  grey	  that	  the	  X-­‐ray	  tomography	  system	  has	  assigned	  it	  is	  much	  darker	  than	  that	  of	  the	  pipe.	  However,	  the	  system	  was	  still	  successful	  in	  detecting	  the	  minor	  corrosion	  that	  had	  formed.	  	  
4.7	  Conclusion	  









5.	  USING	  CFD	  TO	  STUDY	  EROSION/CORROSION	  
5.1	  History	  








drastic	  failure	  in	  the	  piping	  in	  the	  saturate	  gas	  plant	  released	  about	  397,000	  pounds	  of	  flammable	  liquids	  and	  gases	  that	  ignited	  causing	  an	  explosion	  and	  a	  fire	  about	  20	  seconds	  later.	  The	  explosion	  that	  threw	  three	  people	  about	  570	  feet	  away	  off	  their	  feet	  caused	  severe	  damage	  to	  buildings	  up	  to	  1,300	  feet	  away	  from	  the	  explosion	  source.	  The	  catastrophic	  incident	  had	  the	  potential	  to	  cause	  fatalities,	  but	  fortunately	  it	  did	  not	  because	  it	  occurred	  when	  very	  few	  people	  were	  on	  site	  because	  of	  shift	  changeover	  and	  surrounding	  businesses	  had	  taken	  the	  day	  off	  since	  it	  was	  Easter	  Sunday.	  Investigations	  found	  that	  the	  primary	  cause	  of	  the	  explosion	  was	  severe	  erosion/corrosion	  of	  a	  6”	  pipe	  that	  had	  reduced	  the	  wall	  thickness	  of	  the	  pipe	  from	  0.3”	  to	  about	  0.01”,	  that	  it	  could	  not	  withstand	  the	  internal	  pressure	  of	  the	  flow	  (Health	  and	  Safety	  Executive,	  2001).	  	  	  
5.2	  Factors	  Affecting	  Erosion/Corrosion	  




operating	  conditions,	  but	  also	  a	  single-­‐phase	  flow	  would	  have	  different	  erosion/corrosion	  locations	  from	  a	  two-­‐phase	  flow,	  as	  shown	  in	  Figure	  16.	  	  	  	  	  
	  




flow	  turbulence,	  which	  then	  imposes	  different	  values	  of	  stress	  on	  different	  parts	  of	  the	  walls,	  and	  hence	  lead	  to	  different	  erosion/corrosion	  rates.	  	  The	  following	  list	  includes	  some	  of	  the	  main	  factors	  that	  affect	  the	  rate	  of	  erosion/corrosion:	  
• Flow	  velocity	  
• Flow	  pH	  
• Flow	  oxygen	  content	  
• Flow	  temperature	  
• Pipe	  shape	  and	  geometry	  
• Pipe	  material	  composition	  




that	  at	  high	  velocities	  and	  turbulence,	  the	  total	  metal	  loss	  rate	  can	  be	  determined	  by	  the	  chemical	  reaction	  rate	  constant	  and	  the	  metal	  concentration	  difference.	  The	  reaction	  rate	  constant	  is	  not	  really	  related	  to	  the	  hydrodynamic	  factors,	  but	  the	  concentration	  of	  the	  metal	  (or	  the	  Fe2+)	  is	  strongly	  associated	  with	  the	  turbulence	  of	  fluid	  inside	  the	  piping,	  and	  as	  the	  mixing	  increases	  it	  also	  increases,	  leading	  to	  a	  lower	  erosion-­‐corrosion	  rate.	  	  
5.2.2	  Effect	  of	  Flow	  pH	  on	  Erosion/Corrosion	  Rate	  The	  chemical	  reaction	  portion	  of	  the	  erosion/corrosion	  process	  is	  highly	  affected	  by	  the	  chemical	  condition	  of	  the	  flow,	  particularly	  its	  pH.	  It	  was	  found	  that	  as	  the	  pH	  of	  the	  solution	  goes	  above	  8-­‐9,	  the	  rate	  of	  erosion/corrosion	  starts	  decreasing	  gradually.	  The	  rate	  of	  erosion-­‐corrosion	  tends	  to	  drop	  dramatically	  when	  the	  pH	  is	  above	  9.2-­‐9.3.	  It	  is	  recommended	  that	  the	  process	  pH	  be	  maintained	  between	  9.3-­‐9.6	  (Chawla	  and	  Gupta,	  1993)	  (ClassNK,	  2008).	  	  





Figure	  17:	  The	  Relationship	  between	  Erosion/Corrosion	  Rate	  and	  Dissolved	  
Oxygen	  Concentration	  for	  Different	  Pipe	  Materials	  (ClassNK,	  2008)	  	  	  	  




for	  pipes	  with	  different	  metal	  surface	  composition.	  This	  will	  be	  discussed	  in	  section	  5.2.6.	  The	  following	  graph	  displays	  the	  relationship	  between	  the	  rate	  of	  erosion/corrosion	  rate	  due	  to	  flow	  accelerated	  corrosion	  and	  the	  temperature	  for	  different	  pipe	  materials.	  	  	  	  
	  
Figure	  18:	  Relationship	  between	  Erosion/Corrosion	  Rate	  and	  Temperature	  




As	  shown	  in	  Figure	  18,	  the	  relationship	  between	  the	  erosion/corrosion	  rate	  and	  the	  temperature	  has	  a	  convex	  shape	  with	  a	  maximum	  point	  and	  decreases	  on	  both	  sides	  farther	  from	  the	  maximum	  (ClassNK,	  2008).	  	  
5.2.5	  Effect	  of	  Pipe	  Geometry	  on	  Erosion/Corrosion	  Rate	  The	  geometry	  of	  the	  pipe	  is	  essential	  in	  determining	  the	  corrosion	  rate.	  A	  small	  change	  in	  a	  pipe	  geometry	  or	  orientation	  can	  drastically	  change	  the	  flow	  complexity	  inside	  causing	  different	  values	  of	  turbulence,	  which	  in	  turn	  affects	  the	  rate	  of	  erosion/corrosion.	  Generally,	  turbulence	  is	  generated	  in	  pipefittings,	  behind	  orifices	  or	  valves,	  at	  T-­‐sections,	  at	  bends	  and	  elbows,	  as	  well	  as	  at	  diffusers	  and	  reducers.	  For	  this	  reason,	  those	  are	  the	  areas	  that	  are	  usually	  most	  susceptible	  to	  erosion/corrosion	  in	  pipes.	  Another	  reason	  is	  that	  the	  erosion/corrosion	  process	  is	  further	  encouraged	  by	  water,	  which	  different	  geometries	  might	  cause	  it	  to	  accumulate	  in	  certain	  spots,	  such	  as	  at	  bend	  areas	  and	  T-­‐junctions	  (ClassNK,	  2008).	  	  




conditions	  (Chawla	  and	  Gupta,	  1993).	  Some	  of	  the	  main	  components	  that	  may	  be	  added	  to	  the	  metal	  composition	  to	  increase	  its	  corrosion-­‐resistance	  include	  chromium,	  copper	  and	  molybdenum	  (Bush,	  1990).	  	  	  
5.3	  Objective	  
In	  this	  work,	  computational	  fluid	  dynamics	  tools	  were	  implemented	  in	  order	  to	  study	  the	  effect	  of	  some	  of	  the	  flow	  hydrodynamic	  factors	  on	  the	  erosion/corrosion	  rate.	  The	  main	  purpose	  of	  this	  technique	  was	  to	  understand	  how	  the	  different	  hydrodynamic	  parameters	  affect	  the	  erosion/corrosion	  rate.	  This,	  in	  turn,	  would	  allow	  for	  determining	  where	  erosion/corrosion	  would	  take	  place	  before	  it	  occurs	  by	  simply	  entering	  the	  properties	  of	  the	  flow	  on	  the	  computer.	  Not	  only	  would	  this	  technique	  allow	  for	  determining	  erosion/corrosion	  sites	  before	  it	  starts	  taking	  place,	  but	  it	  would	  also	  give	  an	  indication	  of	  how	  much	  erosion/corrosion	  would	  take	  place,	  before	  it	  is	  too	  late	  and	  an	  incident	  occurs.	  In	  other	  words,	  it	  would	  help	  mechanical	  integrity	  staff	  make	  predictions	  while	  scheduling	  maintenance	  services.	  	  
5.4	  Computational	  Fluid	  Dynamics	  and	  Erosion/Corrosion	  Modeling	  










Figure	  19:	  Relationship	  Between	  Wall-­‐Thinning	  Rate	  and	  Turbulent	  Kinetic	  




As	  shown	  in	  Figure	  19,	  the	  wall	  thinning	  values	  were	  decreasing	  as	  the	  turbulent	  kinetic	  energy	  increased.	  The	  plant	  measurements	  were	  all	  taken	  for	  the	  same	  piping	  system	  but	  at	  different	  locations	  with	  different	  turbulent	  kinetic	  energy	  values	  (Ferng	  and	  Lin,	  2010).	  The	  same	  approach	  was	  used	  in	  this	  research	  and	  is	  explained	  in	  the	  next	  few	  paragraphs.	  	  
5.5	  Approach	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that	  its	  value	  is	  within	  the	  range	  50<y+<300,	  for	  standard	  wall	  function.	  The	  y+	  value	  is	  given	  by	  the	  following	  formula:	  	  
!! =    !!!!/!!!!/!!!! 	  	   	   	   	   	   (1)	  where:	  	   p	  is	  a	  node	  	   	   kp	  is	  the	  turbulent	  kinetic	  energy	  at	  the	  near-­‐wall	  node	  p	  
yp	  is	  the	  distance	  from	  point	  p	  to	  the	  wall	  	  
Cµ	  is	  a	  constant	  for	  K-­‐epsilon	  model	  	  
ρ	  is	  the	  density	  	  
	   	   	   µ	  is	  the	  dynamic	  viscosity	  	  	  The	  standard	  K-­‐epsilon	  model	  is	  given	  by	  the	  following	  formulas:	  	  1. Transport	  equation	  for	  turbulent	  kinetic	  energy	  “k”:	  	  
!!" !" +    !!!! !"!! =    !!!! ! + !!!!    !"!!! +   !! +   !!  –!" −   !! +   !! 	  	   	  	  (2)	  2. Transport	  equation	  for	  turbulent	  dissipation	  rate	  “!”:	  	  
!!" !" +    !!!! !"!! =    !!!! ! + !!!!    !"!!! +   !!! !! !! + !!!!! −   !!!! !!!   +   !! 	  	  (3)	  3. Turbulent	  viscosity	  is	  modeled	  as:	  	  !! =   !!! !!! 	  	   	   	   	   	   	  	  	  (4)	  !! =   !!  !!	  	   	   	   	   	   	  	  (5)	  	  








Finally,	  the	  results	  from	  FLUENT®	  gave	  the	  turbulent	  kinetic	  energy	  and	  surface	  shear	  stress	  values,	  as	  well	  as	  other	  factors,	  throughout	  each	  shape,	  and	  this	  was	  used	  to	  investigate	  the	  relationship	  between	  the	  erosion/corrosion	  and	  the	  turbulence	  and	  wall	  shear	  stress.	  This	  was	  accomplished	  by	  plotting	  the	  maximum	  erosion/corrosion	  value	  for	  each	  shape	  (obtained	  from	  the	  literature)	  against	  the	  turbulence	  and	  wall	  shear	  stress	  at	  that	  point	  of	  maximum	  damage	  (as	  predicted	  by	  FLUENT®).	  	  	  
5.6	  Results	  and	  Discussion	  














Figure	  22:	  Contour	  Plots	  of	  (A)	  Turbulent	  Kinetic	  Energy	  (B)	  Wall	  Shear	  





From	  plots	  similar	  to	  what	  is	  shown	  in	  Figure	  22,	  the	  value	  of	  the	  turbulent	  kinetic	  energy	  and	  wall	  shear	  stress	  at	  the	  point	  where	  the	  erosion/corrosion	  damage	  was	  most	  severe	  (according	  to	  the	  plant	  measurements),	  was	  recorded	  and	  used	  in	  the	  x-­‐axes	  of	  the	  following	  plots,	  and	  the	  erosion/corrosion	  values	  were	  used	  on	  the	  y-­‐axes.	  First,	  the	  erosion/corrosion	  values	  were	  plotted	  as	  a	  function	  of	  the	  turbulent	  kinetic	  energy	  for	  all	  of	  the	  24	  simulations	  that	  were	  run,	  as	  shown	  in	  Figure	  23.	  	  	  	  	  
	  
Figure	  23:	  Erosion/Corrosion	  Plant	  Measurements	  as	  a	  Function	  of	  Turbulent	  






















Tubulent	  Kinetic	  Energy	  (m2/s2)	  	  




As	  shown	  in	  Figure	  23,	  the	  relationship	  between	  erosion/corrosion	  and	  the	  turbulent	  kinetic	  energy	  has	  a	  decreasing	  trend,	  which	  agrees	  with	  what	  has	  been	  published	  in	  the	  literature.	  However,	  it	  was	  interesting	  to	  see	  whether	  the	  graph	  looks	  different	  if	  the	  data	  for	  each	  shape	  is	  plotted	  separately.	  Therefore,	  the	  graph	  of	  erosion/corrosion	  was	  plotted	  as	  a	  function	  of	  the	  turbulent	  kinetic	  energy	  (shown	  in	  Figure	  24)	  for	  each	  shape	  separately,	  and	  again	  as	  a	  function	  of	  the	  wall	  shear	  stress	  (shown	  in	  Figure	  25).	  The	  curve	  of	  best	  fit	  was	  also	  plotted	  for	  the	  set	  of	  data	  for	  each	  shape	  on	  the	  two	  graphs.	  	  	  	  
	  
Figure	  24:	  Erosion/Corrosion	  Plant	  Measurements	  as	  a	  Function	  of	  Turbulent	  





Figure	  25:	  Erosion/Corrosion	  Plant	  Measurements	  as	  a	  Function	  of	  Wall	  
















































































pressure	  values,	  agreeing	  with	  the	  trend	  shown	  by	  the	  erosion/corrosion	  data.	  The	  other	  bend	  and	  the	  merging	  T-­‐junction	  had	  very	  close	  dynamic	  pressure	  values.	  	  	  It	  is	  important	  to	  note	  that	  the	  dynamic	  pressure	  is	  a	  function	  of	  the	  flow	  velocity	  squared	  and	  is	  given	  by	  the	  following	  function:	  





Figure	  29:	  Maximum	  Dynamic	  Pressure	  for	  Each	  Shape	  at	  Four	  Different	  




































































values	  were	  plotted	  against	  the	  dynamic	  pressure	  values.	  This	  plot	  is	  shown	  in	  Figure	  30.	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The	  main	  conclusions	  that	  can	  be	  drawn	  from	  this	  analysis	  are	  the	  following:	  
• The	  flow	  turbulence	  and	  the	  shear	  stress	  imposed	  by	  the	  flow	  on	  the	  surface	  of	  the	  pipe	  from	  CFD	  predictions	  have	  highest	  values	  where	  erosion/corrosion	  had	  occurred.	  	  
• The	  erosion/corrosion	  values	  from	  the	  literature	  were	  highest	  for	  the	  T-­‐branch	  and	  lowest	  for	  the	  merging	  T-­‐junction,	  with	  the	  two	  bends	  with	  values	  in	  between.	  However,	  the	  turbulence	  and	  wall	  shear	  stress	  values,	  predicted	  by	  CFD	  were	  within	  the	  same	  range.	  
• The	  dynamic	  pressure	  follows	  the	  same	  trend	  as	  the	  erosion/corrosion:	  it	  is	  highest	  for	  the	  T-­‐branch,	  lowest	  for	  the	  merging	  T-­‐junction,	  and	  higher	  in	  the	  R=1.5D	  bend	  than	  the	  R=3D	  bend,	  both	  of	  which	  have	  values	  between	  the	  T-­‐branch	  and	  merging	  T-­‐junction.	  
• The	  dynamic	  pressure	  has	  a	  significant	  effect	  on	  the	  erosion/corrosion	  rate.	  
• Flow	  turbulence	  and	  wall	  shear	  stress	  may	  be	  used	  to	  indicate	  where	  erosion/corrosion	  will	  take	  place	  in	  the	  future.	  














Here	  the	  relationship	  between	  the	  behavior	  of	  the	  flow	  inside	  pipes	  of	  different	  shapes	  was	  studied	  and	  correlated	  to	  the	  erosion/corrosion	  rates.	  	  	  
6.2	  Conclusions	  




6.3	  Future	  Work	  
The	  X-­‐ray	  tomography	  system	  that	  was	  used	  for	  the	  experiments	  described	  earlier	  is	  a	  large	  system	  that	  would	  not	  be	  very	  practical	  to	  use	  on	  sites	  to	  carry	  out	  corrosion	  inspections	  regularly.	  Therefore,	  suggested	  future	  work	  would	  be	  to	  investigate	  in	  a	  portable	  X-­‐ray	  tomography	  system	  and	  study	  the	  safety	  implications	  of	  it,	  which	  might	  include	  radiation.	  	  Moreover,	  more	  plant	  data	  should	  be	  gathered	  and	  used	  to	  carry	  out	  more	  CFD	  simulations	  in	  the	  erosion/corrosion	  section,	  and	  generalize	  the	  trends	  observed	  in	  the	  preliminary	  runs	  that	  were	  done	  in	  this	  work.	  This	  data	  should	  be	  used	  to:	  	  
• Predict	  turbulence,	  wall	  shear	  stress,	  and	  dynamic	  pressure	  inside	  more	  different	  geometries	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APPENDIX	  A	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APPENDIX	  B	  	  EROSION/CORROSION	  PREDICTION	  
Grid	  Independence	  Study	  To	  ensure	  that	  the	  number	  of	  nodes	  used	  in	  the	  simulations	  was	  sufficient	  to	  make	  accurate	  predictions	  of	  the	  flow	  behavior,	  a	  grid	  independence	  study	  was	  carried	  out.	  The	  differential	  pressure	  predicted	  at	  the	  maximum	  speed	  used	  (7.5	  m/s)	  was	  recorded	  for	  the	  number	  of	  nodes	  used	  for	  each	  pipe	  shape.	  Then	  the	  number	  of	  nodes	  was	  increased	  twice	  and	  the	  differential	  pressure	  was	  also	  recorded.	  The	  percentage	  difference	  in	  the	  differential	  pressure	  was	  plotted	  as	  a	  function	  of	  the	  number	  of	  nodes.	  The	  results	  are	  displayed	  in	  Table	  B-­‐1	  and	  also	  in	  Figure	  B-­‐1.	  	  
Table	  B-­‐1:	  Grid	  Independence	  Study	  
Pipe	  Bend	  (R=1.5D),	  7.5	  m/s	  
	  	   Used	   Higher	  	   Highest	  
Number	  of	  Nodes	   	  700,000	  	   7.40E+05	   1.20E+06	  
Delta	  P	  (Pa)	   17600.26	   17585.5	   17726.8	  
Percentage	  %	   0	   0.084	   0.7189	  
Pipe	  Bend	  (R=3D),	  7.5	  m/s	  
	  	   Used	   Higher	   Highest	  
Number	  of	  Nodes	   	  441,225	  	   6.78E+05	   7.20E+05	  
Delta	  P	  (Pa)	   12636.2	   12824.6	   12854	  
Percentage	  %	   0	   1.491	   1.723	  
T-­‐Merging,	  7.5	  m/s	  
	  	   Used	   Higher	   Highest	  
Number	  of	  Nodes	   	  562,836	  	   6.25E+05	   8.25E+05	  
Delta	  P	  (Pa)	   55486.3	   54916.6	   55997.9	  
Percentage	  %	   0	   1.027	   0.922	  
T-­‐Branch,	  7.5	  m/s	  
	  	   Used	   Higher	   Highest	  
Number	  of	  Nodes	   	  562,836	  	   6.25E+05	   7.20E+05	  
Delta	  P	  (Pa)	   16507.72	   16379.5	   16488.2	  






Figure	  B-­‐1:	  Differential	  Pressure	  Percentage	  Difference	  as	  a	  Function	  of	  
Number	  of	  Nodes	  

































Number	  of	  Nodes	  
Pipe	  Bend	  (R=1.5D)	  




















(R=3D)	   1.2	   0.032	   6.67	   0.22	  
	  	   2.5	   0.08	   21	   0.225	  
	  	   3.6	   0.267	   52.5	   0.225	  
	  	   2.4	   0.121	   24.6	   0.26	  
	  	   0.26	   0.003	   1.34	   0.195	  
	  	   7.5	   0.9	   165	   0.1	  
Pipe	  bend	  
(R=1.5D)	   1.2	   0.018	   6.03	   0.29	  
	  	   2.5	   0.071	   21.5	   0.29	  
	  	   3.6	   0.146	   48.7	   0.32	  
	  	   2.4	   0.066	   22.3	   0.34	  
	  	   0.26	   0.00335	   1.4	   0.255	  
	  	   7.5	   0.6	   162	   0.13	  
T-­‐section	  
(merging)	   1.2	   0.04	   10.011	   0.155	  
	  	   2.5	   0.772	   142.5	   0.155	  
	  	   3.6	   0.89	   78.8	   0.17	  
	  	   2.4	   0.4	   36.64	   0.18	  
	  	   0.26	   0.005	   2.26	   0.135	  
	  	   7.5	   3	   331	   0.07	  
T-­‐section	  
(branch)	   1.2	   0.11	   7.84	   0.72	  
	  	   2.5	   0.42	   31	   0.73	  
	  	   3.6	   0.5	   62.7	   0.795	  
	  	   2.4	   0.18	   29	   0.855	  
	  	   0.26	   0.0041	   1.68	   0.64	  
















(R=3D)	   1.2	   0.22	   850	   0.988372093	  
	  	   2.5	   0.225	   3700	   1.072463768	  
	  	   3.6	   0.225	   7900	   0.951807229	  
	  	   2.4	   0.26	   3500	   0.988700565	  
	  	   0.26	   0.195	   52	   11.30434783	  
	  	   7.5	   0.1	   34500	   0.913907285	  
Pipe	  bend	  
(R=1.5D)	   1.2	   0.29	   880	   1.023255814	  
	  	   2.5	   0.29	   3800	   1.101449275	  
	  	   3.6	   0.32	   8500	   1.024096386	  
	  	   2.4	   0.34	   3600	   1.016949153	  
	  	   0.26	   0.255	   45	   9.782608696	  
	  	   7.5	   0.13	   25600	   0.678145695	  
T-­‐section	  
(merging)	   1.2	   0.155	   860	   1	  
	  	   2.5	   0.155	   3450	   1	  
	  	   3.6	   0.17	   8300	   1	  
	  	   2.4	   0.18	   3540	   1	  
	  	   0.26	   0.135	   4.6	   1	  
	  	   7.5	   0.07	   37750	   1	  
T-­‐section	  
(branch)	   1.2	   0.72	   1030	   1.197674419	  
	  	   2.5	   0.73	   4501	   1.304637681	  
	  	   3.6	   0.795	   9385	   1.130722892	  
	  	   2.4	   0.855	   4147	   1.171468927	  
	  	   0.26	   0.64	   55.5	   12.06521739	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